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Abstract. Dilatant faults often form in rocks containing pre-
existing joints, but the effects of joints on fault segment link-
age and fracture connectivity are not well understood. We
present an analogue modeling study using cohesive powder
with pre-formed joint sets in the upper layer, varying the an-
gle between joints and a rigid basement fault. We analyze in-
terpreted map-view photographs at maximum displacement
for damage zone width, number of connected joints, num-
ber of secondary fractures, degree of segmentation and area
fraction of massively dilatant fractures. Particle imaging ve-
locimetry provides insight into the deformation history of the
experiments and illustrates the localization pattern of fault
segments. Results show that with increasing angle between
joint-set and basement-fault strike the number of secondary
fractures and the number of connected joints increase, while
the area fraction of massively dilatant fractures shows only
a minor increase. Models without pre-existing joints show
far lower area fractions of massively dilatant fractures while
forming distinctly more secondary fractures.
1 Introduction
Dilatant faults are ubiquitous features that occur at all scales
in the upper crust. Most prominent large-scale examples can
be found not only at mid-ocean ridges (Angelier et al., 1997;
Friese, 2008; Sonnette et al., 2010; Wright, 1998), intra-plate
volcanoes (Holland et al., 2006), continental rifts (Acocella
et al., 2003) but also in cemented carbonates and clastics
(Ferrill and Morris, 2003; Moore and Schultz, 1999). They
form major pathways for fluid flow, such as water, hydrocar-
bons or magma, and consequently are of great interest for
water and energy supply, geohazard assessment and geody-
namics (e.g., Belayneh et al., 2006; Caine et al., 1996; Crone
and Haller, 1991; Ehrenberg and Nadeau, 2005; Gudmunds-
son et al., 2001; Lonergan et al., 2007). Several first-order
models for the formation of dilatant fault networks exist (e.g.,
Abdelmalak et al., 2012; Abe et al., 2011; Acocella et al.,
2003; Grant and Kattenhorn, 2004; Hardy, 2013; Holland et
al., 2006, 2011; Kettermann and Urai, 2015; van Gent et al.,
2010; Vitale and Isaia, 2014; Walter and Troll, 2001). How-
ever, the influence of pre-existing cohesionless joints on the
formation of faults and fractures is largely untested, although
this may have great influence on the fault’s geometry and
evolution (e.g., Butler, 1989; Giambiagi et al., 2003; McGill
and Stromquist, 1979; Schultz-Ela and Walsh, 2002; Virgo et
al., 2014). This is also of interest for understanding fluid flow
through fault zones for naturally fractured reservoirs (Gal-
land et al., 2006, 2007; Le Corvec et al., 2013).
In this contribution, we focus on the influence of pre-
existing joints on the formation of dilatant normal fault net-
works. In particular, we investigate the evolution of dilatant
fault networks, which form at different angles with respect
to a pre-existing layer-bound joint network. To this end, we
performed a series of scaled analogue models. Our first step
is to quantify how the angle of pre-existing joints with re-
spect to the active basement fault influences the opening be-
havior of the fault system. Quantifying this parameter will
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enable us to predict the evolution of segmentation as well as
the orientation of secondary faults in the fracture network. In
a second step we discuss our results in framework of natu-
ral examples: first, the fault network in the Canyonlands Na-
tional Park (CLNP), which showcases an open fracture net-
work influenced by pre-existing joints (Fossen et al., 2010;
Kettermann et al., 2015; Schultz-Ela and Walsh, 2002); sec-
ond, volcanic environments, in particular mid-ocean ridges
as for example exposed in the rift zone in Iceland (Angelier
et al., 1997), and caldera collapse in Campi Flegrei, Italy (Vi-
tale and Isaia, 2014).
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Figure 1. (a) Dimension and principle setup of the deformation ap-
paratus. Black bands symbolize paper sheets that are used for joint
creation. (b) Experiment after sieving in the hemihydrate powder,
with the paper sheets still in place. Paper sheets are removed before
deformation begins.
2 Analogue modeling of dilatant faults in a jointed host
rock
For our experiments we used the analogue device designed
by Holland et al. (2011), which has a length, width and depth
of 28× 30× 19 cm, respectively (Fig. 1). This box has a dip-
slip half-graben geometry, with a basement-fault dip of 60◦,
and maximum displacement is 4.5 cm. Throughout this arti-
cle we quantify displacement as percentage of sediment layer
thickness. Therefore, the maximum displacement of 4.5 cm
at a layer thickness of 19 cm translates to 23.7 % displace-
ment. Modeling material as well as our experimental setup
is based on previous analogue models of dilatant fault net-
works (Holland et al., 2006, 2011; van Gent et al., 2010). We
used hemihydrate (CaSO4× 0.5 H2O) powder because it has
a well-known cohesion and tensile strength and can develop
vertical walls. Therefore, it is suitable to implement cohe-
sionless joints into the models and produce dilatant faults
and open fractures. The properties of the material are well
known (van Gent et al., 2010). The powder compacts easily,
and increasing sieving height leads to higher densities in the
sandbox. This trend stops at a sieving height of about 30 cm,
at which the powder reaches a constant velocity due to a bal-
ance of air friction and gravity (Holland et al., 2011; van Gent
et al., 2010). After sieving from a height > 30 cm, the powder
has a density of 732 kg m3 and a porosity of 75 %. Tensile-
strength is 9 Pa (method after Schweiger and Zimmermann,
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Figure 2. (a, b) Raw photo and deformation analysis of a joint in a
hemihydrate powder pile created by impressing a blade. The pow-
der is strongly affected. (c, d) Raw photo and deformation analysis
of a joint in a hemihydrate powder pile created by sieving the pow-
der around a sheet of paper and removing it afterwards (note the
different scale bar for displacement). The removing-paper method
proves to be the better choice.
1999) for the uncompacted powder, increasing proportion-
ally to the pre-compaction stress. The cohesion derived from
shear tests is about 40 Pa. Both tensile strength and cohesion
increase with increasing compaction, i.e., overburden pres-
sure or burial depth in the box.
We scaled our experiments as discussed by van Gent et
al. (2010) and applying the laws derived by Schellart (2000).
For example, a model height of 19 cm represents approx-
imately 600 m of sandstone in nature with a cohesion of
70 MPa. Our model geometry was scaled approximately to
the joint and graben system of CLNP, where ∼ 100 m deep
vertical joints cut through present day 400–500 m brittle sed-
iments pre-faulting (McGill and Stromquist, 1979); i.e., 5 cm
joints in a 19 cm powder column). The material properties
limit the testing of increasing joint depths. The hemihydrate
powder collapses under its own weight in shear in a depth
of about 7 cm (van Gent et al., 2010). It is hence not pos-
sible to test the influence of joints cutting the entire 19 cm
hemihydrate column. However, smaller joint depths may in-
fluence fault evolution. A thorough analysis of this effect
would require extensive experimental series, testing differ-
ent joint depths at different angles. This is beyond the scope
of this study, and we leave analysis of different materials as
well as different joint depths for future work.
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Figure 3. (a) Oblique view of the 16◦ JF-angle showing defor-
mation localized at pre-existing joints and step-over structures.
(b) Top-view photograph of the same experiment shows the typi-
cal zigzag shape formed by step-overs at the master fault.
As the powder is very sensitive to compaction, it is impor-
tant to form joints without damage to the surrounding mate-
rial. An initial test using a blade led to compaction of parti-
cles adjacent to produced joints (Fig. 2a, b). Minimum dis-
turbances were achieved by mounting thin, low-friction pa-
per sheets in the box with spacing of 2.5 cm prior to sieving.
Removing the paper after filling the box leaves cohesionless,
open (< 1 mm aperture) joints without compacting or frac-
turing the surrounding material (Fig. 2c, d) and furthermore
guarantees consistent depths of the joints. In order to reduce
friction between the powder and the side walls, paper sheets
are mounted along the moving side walls and removed be-
fore starting the experiments. However, in some cases extrac-
tion of these paper sheets caused fractures orthogonal to joint
strike at the outer edges of the experiment (i.e., close to the
wall), visible before starting the experiment. These fractures
may open during initial stages of the experiment, but they do
not accommodate much strain and do not influence fault ge-
ometry (see below). As these fractures are artifacts and can
be followed throughout the experiments, we did not include
them in the quantitative analyzes. The joints penetrate 5 cm
deep into the powder (Fig. 1). We performed experiments
with systematically increasing angles between the joints and
the basement fault (0, 4, 8, 12, 16, 20 and 25◦). The joint-
fault angle is in the following referred to as JF-angle.
In analogue models where no erosion is applied, deforma-
tion within the sandbox is reflected at the surface. A useful
tool to measure the surface evolution of analogue models is
particle image velocimetry (PIV) (e.g., Adam et al., 2005;
Holland et al., 2006). To enhance contrast, we added some
sand grains to the hemihydrate powder at the top of the exper-
iments. The small amount of sand ( 1 vol. ‰) is assumed
to have no influence on the mechanics of the powder column
or fault development. We recorded our experiments with two
computer-controlled DSLR cameras (Nikon D80 and D90
with resolutions of 10 and 12 million pixels, respectively),
one in top view and one in oblique view (Fig. 3). We use the
top-view photographs for PIV analysis (shot with the Nikon
D90) to identify areas of the model at which deformation
localizes and calculate the displacement fields. All images
are corrected for lens distortion using verified lens distortion
profiles that are included in the Adobe CameraRaw software.
Details on the used lenses and focal lengths are given in Ta-
ble 1. With this analysis, we detect which joints are reacti-
vated at which state of deformation. The oblique view pro-
vides an optic impression of strain distribution on different
joints and the 3-D geometry of the model.
3 Analogue modeling results
We started our series with an experiment without pre-existing
joints as a reference (Fig. 4a). In this experiment, the master
fault shows a concave shape towards the hanging wall over
the width of the box. This is a reasonably expected result
as the fault that develops in our cohesive material is sub-
vertical close to the surface and thus substantially steeper
than the predefined 60◦ fault dip of the sandbox. Close to
the sidewalls of the box friction forces the powder to fol-
low the 60◦ dip of the basement fault further towards the
footwall. Where uninfluenced by sidewall effects, the fault
forms as dilatant fault with vertical fault scarp close to the
model’s surface. The fault surface is rugged and a small vol-
ume of rubble fills the opening gap at the fault (Holland
et al., 2006; van Gent et al., 2010). A dense and intercon-
nected network of secondary fractures parallel to the mas-
ter fault forms gradually during fault evolution as a result of
fault migration. The fault shape shows no clear pattern but is
rather undulating in map view. An antithetic fault forms as
well and shows the same type of migration and fracture net-
work as the master fault. Overall we note that the observed
fault and fracture pattern in homogeneous material is very
different as compared to inhomogeneous experiments with
pre-existing joints, as expected (cf. Fig. 4a, b). In the fol-
lowing we describe observations of the structural evolution
of experiments with pre-existing joints including quantitative
analyses of key parameters. Figure 5 shows top-view images
and the corresponding PIV results (summed up vector fields)
for all experiments, which we will describe in the following.
In order to identify and distinguish parts of the model that
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Table 1. Summary of lens types and focal lengths used for top-view photography.
JF-angle 0◦ 4◦ 8◦ 12◦ 16◦ 20◦ 25◦
Lens 18–135 mm 18–135 mm 18–135 mm 12–24 mm 12–24 mm 12–24 mm 12–24 mm
f/3.5–5.6 f/3.5–5.6 f/3.5–5.6 f/4.0 f/4.0 f/4.0 f/4.0
Focal 28 mm 35 mm 28 mm 24 mm 24 mm 24 mm 24 mm
Length
(a)
(b)
No joints
Joints at 4° angle
Downthrown block
Downthrown block
Figure 4. (a) Top-view photo of an experiment without pre-existing
joints. Note the rather rugged shape of the mater fault and the minor
fractures. (b) Top-view photograph of the experiment with a 4◦ JF-
angle. All deformation localizes at the pre-existing joints.
experience different amounts of deformation we show the to-
tal displacement vectors summing up the entire deformation
until maximum displacement. Movies produced from image
series of all experiments and from respective PIV images (di-
vergence of the displacement field) are freely accessible at
https://doi.pangaea.de/10.1594/PANGAEA.859151.
Our observations can be subdivided into two categories.
First, features which can be observed in all experiments,
and develop after a similar amount of strain applied. Sec-
ondly, as opposed to these consistent features, we observe
features that are variable, i.e., change with increasing an-
gle between basement-fault strike and joint orientation. A
consistent feature is the formation of secondary joints ori-
ented at high angle to the pre-existing joints, initiating dur-
ing the first 2.4 % displacement (% of layer thickness) and
increasing in number during the experiment (best visible in
Fig. 5g). Another consistent feature is the formation of con-
jugate faults (indicated by dashed yellow lines in all experi-
ments shown in Fig. 5). However, they show a wider range
of initiation time, starting at 3.8 % displacement (12◦ de-
gree JF-angle) up to 11.8 % displacement (16◦ JF-angle).
We note that onset of the formation of conjugates is not re-
lated to the JF-angle but varies randomly (cf. also movies at
doi:10.1594/PANGAEA.859151). A third consistent obser-
vation is that fault localization starts in the footwall and prop-
agates stepwise towards the hanging wall, always localizing
at and reactivating pre-existing joints (cf. model in Fig. 6).
All experiments share a curvature of the fault scarp to-
wards the footwall at the boundaries, which is a boundary
effect caused by the design of the deformation box, similar
to what has been observed in the experiment without pre-
existing joints (cf. Fig. 4a, b). Friction on the sidewalls of
the box between the pre-defined 60◦ fault and the fault lo-
calizing at the 90◦ dipping vertical joints causes material to
break off (red arrows in Fig. 5). This effect is limited to the
outermost few centimeters of the model and is therefore in-
terpreted as an artifact caused by the boundary condition and
is not included in the interpretation.
A variable feature of increasing importance with JF-angle
is the localization of faults at pre-existing joints, i.e., reacti-
vation of joints. In the experiment with 0◦ JF-angle the fault
never cuts through the material between joints but only jumps
from joints in the footwall towards joints in the hanging wall
(Fig. 5a). With increasing JF-angle the master faults as well
as the conjugates form step-overs between individual joints
with fracture orientations at a high angle to the pre-existing
joints (e.g., Fig. 5d). The fault reactivates pre-existing joints
and needs to accommodate the distinct deviation between the
basement-fault strike and joint strike. At higher JF-angles,
the fault connects increasingly more pre-existing joints via
step-overs (Fig. 7a). The main structural and geometrical fea-
tures observed at the master fault such as step-overs and dis-
tribution of strain over different fault strands and reactivated
joints occur in the same way in the conjugates, although with
less displacement and therefore less prominent (cf. dashed
red and yellow lines in all photographs in Fig. 5).
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Figure 5. Map-view photographs of the experiment series at maximum displacement. Red lines mark the master fault; yellow lines mark the
main antithetic fault. White lines illustrate the extent of the basement fault at the surface. For each experiment we show a respective PIV
image illustrating the total deformation in map view. Color code gives the displacement in pixels. Note that different blocks experienced
different amounts of displacement, while localization is always at pre-existing joints.
(a) (b)
(c) (d)Master fault Conjugate 
fault
? ?
Figure 6. Conceptual sketch illustrating the development of a typi-
cal joint controlled fault zone in side view.
At step-overs the fault does not localize at the base of
the joints but forms a wedge shaped structure (Fig. 8). This
is because the fault cannot change its position abruptly but
forms a hard link (Peacock and Sanderson, 1991). Addition-
ally, where the fault cuts through unfractured material, rubble
forms and falls into the opening voids.
An additional feature that occurs in experiments with
high JF-angle is reverse faulting within the graben, striking
roughly orthogonal to the basement-fault strike. As the re-
verse faults form from bottom to top and do not necessarily
propagate to surface, the related surface expression is diffi-
cult to see in photographs. Figure 9 provides a compilation
of a top-view photograph (25◦ JF-angle at 95 % displace-
ment; Fig. 9a), a PIV analysis displaying the y-component
of the displacement field, which is roughly parallel to the
formed reverse faults (Fig. 9b), and a PIV image show-
ing the divergence of the displacement field, which clearly
shows locations of compression that indicate reverse fault-
ing (Fig. 9c). To clearly see the formation of the reverse
www.solid-earth.net/7/843/2016/ Solid Earth, 7, 843–856, 2016
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25
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Figure 7. (a) Front view of the experiment with 25◦ JF-angle.
(b) View from left side. (c) View from right side. (d) Comparable
structures in Canyonlands National Park. Green areas mark joint
surfaces.
faults, the reader is referred to the corresponding top-view
movie (https://doi.pangaea.de/10.1594/PANGAEA.859151).
At the pre-cut bounding walls the 60◦ basement-fault an-
gle is enforced on the powder column by friction, hinder-
ing the formation of deep grabens. In the center of the box,
however, the fault develops freely with a steep master fault,
which causes the formation of deeper grabens. The result-
ing subsidence gradient, with shallow grabens at the sides
and deeper grabens in the center of the experiments, creates
a space problem which results in the formation of reverse
faults. However, we observed reverse faults with minor dis-
placements in only two experiments (20 and 25◦) and they
are accompanied by extensional fractures, which allow us to
assume no important effect of the reverse faults on the stud-
ied features.
4 Quantitative analysis of the analogue models
In order to quantify the effect of JF-angle, we carried out
analyses of the following measurable parameters using in-
terpreted map-view images (see Fig. 10 for interpreted map
and illustration of measured parameters): Maximum damage
zone width, area fraction of open gaps, degree of segmenta-
tion, number of secondary fractures and number of connected
pre-existing joints within the damage zone. For quantifying
damage zone width, we measure the maximum distance be-
8° JF-angle at 
100 % displacement
2 cm
Figure 8. Wedge shape at a fault step-over.
tween the unfractured parts of the host rock around the mas-
ter fault (see Fig. 10). In cases where damage by the mas-
ter fault cannot be separated from damage by the antithetic
fault, half the distance between both is assumed as damage
zone boundary. To measure the area fraction of open gaps,
we manually traced the open fracture networks and quanti-
fied their percentage of bulk area using the ImageJ software
(Abràmoff et al., 2004). Degree of segmentation is the total
number of pre-existing joints accommodating strain, which
was determined using PIV analysis. Eventually, we measure
the angles between pre-existing joints and secondary frac-
tures using ArcMap software (ESRI – Environmental Sys-
tems Resource Institute, 2014). Top-view photographs of all
experiments and their interpretation can be found in the Ap-
pendix. Table 2 summarizes the measured data.
Our quantitative analyses show an increase of all analyzed
attributes from small to large JF-angles for angles larger than
8◦ (Fig. 11). Initial positions of the joints with respect to
the basement fault may be important for small JF-angles.
In our experimental setup, joint spacing is close enough that
the master fault underlies several joints. Hence the influence
of joints on fault evolution at 0◦ may be interpreted quanti-
tatively. However, the position of joints with respect to the
master fault for the 4◦ JF-angle experiment may be incon-
clusive due to insufficient cross-cuttings between the joints
and the master fault. The possible number of JF intersects
can be 0 or 1 in our deformation box depending on the initial
joint position. A substantially wider box would result in one
or more intersections and consequently lead to the formation
of step-overs. This cannot be represented in our data due to
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Table 2. Summary of the measured data. Plot in Fig. 11.
JF-angle Number of Interconnectivity Area Damage zone Degree of
secondary (number of fraction of width (cm) segmentation
fractures connected joints) open gaps
No joints > 40 – 5.2 13.5 –
0◦ 9 4 8.2 9.3 4
4◦ 5 4 8.34 9.5 7
8◦ 7 4 8.8 9.9 5
12◦ 17 9 8.3 12.6 7
16◦ 23 9 9.5 12.9 9
20◦ 19 10 11.5 10.8 8
25◦ 28 11 11.1 10.25 13
limited box width. However, at JF-angles of 8◦ and higher, at
least two intersections between master fault and joint occur,
independent of the initial location of the joints with respect
to basement fault. This implies that we can always observe
joint-fault interaction at least at two independent points, and
results may be interpreted quantitatively.
In addition to these general trends we note that the area
fraction of open fractures increases by only 3 % and varies
throughout the experimental series. The increasing trend is
most pronounced in the number of secondary fractures, the
number of connected joints and the degree of segmenta-
tion, which increases by over 150 %, about 100 % and about
130 %, respectively. Interestingly, the secondary fractures are
more abundant in the footwall. However, in the experiment
without pre-existing joints we count more than 40 secondary
fractures and a damage zone width of 13.5 cm, both ex-
ceeding all measured values of experiment with pre-existing
joints, while the area fraction of open gaps with 5.2 % is
smaller (data points are marked with filled square, circle and
star in Fig. 11).
Rose diagrams plotting pre-existing joints and secondary
fractures show that the orientation of secondary fractures is
always at a high angle to joint strike (Fig. 12). Overall, we
observe that the main fault gap is increasingly filled with rub-
ble with increasing JF-angle.
5 Discussion – faulting in jointed rocks
5.1 Deformation at different angles
Our experiments provide insights on how pre-existing joints
influence normal faults in nature. In our experiments, the
most counterintuitive result is the observation that most of
the secondary fractures initially occur in the footwall of the
normal fault rather than in the hanging wall, where most
strain is accommodated at a later stage. This implies that de-
formation initiates in the footwall, probably at relatively long
distance with respect to the normal fault (few centimeters).
During ongoing deformation, the secondary fractures gradu-
ally step over into the hanging wall, until a steady state with
mostly hanging wall deformation is reached. Figure 13 shows
six PIV images of the experiment with 12◦ JF-angle illustrat-
ing the progressive evolution of a fault at 2, 9, 13, 23, 42
and 14.7 % displacement. Therefore, if a fault system is still
evolving, major fluid pathways are located in the footwall,
whereas in long-lived steady state fault systems substantial
additional fluid pathways are created in the hanging wall of
the master fault.
The second important observation is that the connectivity
of the joints increases with increasing JF-angle. This rather
straightforward result has likewise large implications on fluid
flow through the system, as connectivity and fracture surface
increase. Whereas at low JF-angles fluid flow is concentrated
in a small area with low connectivity, systems with higher JF-
angles provide a wide zone of interconnected fractures. Our
study for the first time is able to quantitatively show this con-
nectivity increase and related parameters (Fig. 11). In areas
of variable angle between joints and faults, which probably is
rather the rule than the exception, this should be considered.
Examples for such settings may be the CLNP or carbonate
fields of the Middle East (Daniel, 1954).
We note that the damage zone width decreases for JF-
angles larger than 16◦. We interpret this to be the result of
reduced influence of the joints on the fault trace. At high JF-
angles it is easier for the fault to fracture the intact material
than to deviate far from its preferred orientation while fol-
lowing the pre-existing joints. However, although the dam-
age zone is narrower, the number of joints that are connected
via the master fault is increasing.
5.2 Comparison to other models
Whereas studies on interaction between dilatant joints and
faults are limited, the interaction of multiple stages of shear
faulting has been studied in analogue models by several au-
thors. Henza et al. (2010, 2011) performed experiments in
which two phases of faulting at different angles were ap-
plied. The major difference to our models is the different
material: Henza et al. (2010) use wet clay that does not lose
www.solid-earth.net/7/843/2016/ Solid Earth, 7, 843–856, 2016
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Figure 9. (a) Reverse faults marked in top-view photograph of
experiment with 25◦ JF-angle at 95 % displacement. (b) PIV im-
age displaying the y component of the displacement field. Sharp
changes in color intensity indicate compression or dilation. (c) PIV
image showing the summed up divergence of the displacement field.
Red colors show areas of local compression, i.e., reverse faulting.
cohesion at fractures or faults, whereas we use dry powder
forming cohesionless joints and open fractures. The differ-
ent approaches are valid for different natural examples. In
these experiments, second-phase faulting localizes at first-
5 cm
Secondary 
fractures
Open gaps 
formed during 
faulting
Approximation of the 
main-fault’s damage zone 
width Joints connected 
by secondary 
fractures
Figure 10. Top-view image of interpreted newly opened fractures at
maximum displacement, exemplary of the 16◦ JF-angle experiment.
Image shows the interpretation routine for estimating damage zone
width, secondary fractures, joints connected by secondary fractures
and open gaps formed during faulting. Photos and interpretations
for all experiments are shown in the Appendix.
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Figure 11. Results of the quantitative analysis. For definitions of
the individual parameters please refer to Sect. 3.1.
phase faults but also forms new faults. Similarly, map views
of the experiments of Henza et al. (2010) and of this study
are comparable. The number of newly formed fault segments
increases with increasing angle between maximum princi-
pal stresses of first- and second-phase faulting. Our exper-
iments corroborate these findings, as we observe a system-
atic increase of the number of new formed fractures and fault
segments at step-overs. The result is a zigzagged map-view
fault geometry comparable to this study. However, in the clay
experiments by Henza et al. (2010), step-overs do not de-
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Figure 12. Rose plots showing the orientation of pre-existing joints
(black) and secondary fractures (red) for all experiments. Strike di-
rection of the basement fault is N–S. Note that secondary fractures
are always at a high angle to the pre-exiting joints.
velop at the high angles we observe. Kattenhorn et al. (2000)
showed that the angle of secondary joints is related to the ra-
tio between fault-parallel and fault-perpendicular stress. This
stress ratio differs for cohesive faults as in the experiments
of Henza et al. (2010) and cohesionless joints as in the pre-
sented models, explaining the different orientations of sec-
ondary fractures.
5.3 Comparison to natural examples
Our results have direct implications for our understanding
of natural dilatant fault systems in jointed rocks. The inher-
ent complexity of naturally fractured rocks, however, makes
it difficult to transfer all observations made in the lab to
one particular outcrop. The best natural example that we
also chose as base for the scaling of our experiments is the
grabens area of the Canyonlands National Park, Utah, USA,
which is an archetype for dilatant faults in jointed rocks (e.g.,
McGill and Stromquist, 1979; Moore and Schultz, 1999;
Rotevatn et al., 2009). The northern part of the grabens
is characterized by prominent vertical joint sets, which are
older than the formation of the dilatant faults (McGill and
Stromquist, 1979; Schultz-Ela and Walsh, 2002). The most
prominent joint set consists of up to several 100 s of meters
long joints cutting through the upper 100 m of sandstone and
roughly follows a NNE–SSW striking arcuate geometry of
the graben-bounding faults. The grabens of CLNP developed
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Figure 13. PIV images series of the 12◦ JF-angle experiment show-
ing the summed up divergence of the displacement field (extension:
blue; compression: red). Note how different joints are reactivated at
different stages of deformation.
as an extensional fault array on top of a deforming layer of
evaporites. Faults dip at 60–80◦ below the jointed layer (Ket-
termann et al., 2015; McGill and Stromquist, 1979; Moore
and Schultz, 1999), comparable to our model setup. Angles
between this joint-set and fault strikes inferred from local
trends range between 0◦ and∼ 25◦ (Kettermann et al., 2015),
which is the range covered in our experiments.
The following structural elements observed in the exper-
iments are also present and common in the field. Where
joints are at an angle with respect to the orientation of the
grabens, i.e., not normal to the regional direction of ex-
tension, faults step over from one joint to another forming
the typical zigzagged shape (cf. Fig. 7d). Airborne imagery
(Utah Automated Geographic Reference Center, 2009) of
three selected areas shows different JF-angles and the result-
ing step-over geometries (Fig. 14). As in the experiments, the
distance between step-overs increases from small JF-angles
(Fig. 14b) to larger angles (Fig. 14d).
The graben walls are surfaces of pre-existing joints at
which the faults localize (Kettermann et al., 2015). Compa-
rable to the models, in the field we infer a progressive migra-
tion of the graben-bounding faults towards the footwall by
reactivating several pre-existing joints before a steady mas-
ter fault forms. This is expressed by minor displacements
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Figure 14. Collection of airborne photographs with interpretations
of joints (red), estimated fault strike (yellow) and scarp outline
(blue) of selected areas in Canyonlands National Park. (a) Fault map
of the grabens of Canyonlands National Park. Locations of (b), (c)
and (d) are shown as well as Fig. 15d. North is up in all images. (b)
8–12◦ JF-angle. (c) 10–16◦ JF-angle. (d) 20–25◦ JF-angle.
reactivating some joints in the footwall, before eventually a
stable master fault forms and accumulates most offset. Fig-
ure 15 shows elevation profiles of the 0◦ JF-angle experiment
(Fig. 15a, derived from photogrammetry) and a location with
0◦ JF-angle in Devil’s Lane (Fig. 15b, location marked in
Fig. 14a by red star; National Elevation Dataset (NED) cour-
tesy of the US Geological Survey). Both show the same stair
steps formed by faults reactivating pre-existing joints with
increasing displacement from east to west before the main
graben-bounding fault formed.
As graben walls are vertical and faults dip shallower at
depth, open fissures form at reactivated joints. In the field
these are mostly filled with rubble and Quaternary sediments
but at numerous locations sinkholes resulting from dilata-
tional faulting exist where sediment and rainwater are trans-
ported into the subsurface (Biggar and Adams, 1987; Ket-
termann et al., 2015). Ground-penetrating radar studies (Ket-
termann et al., 2015) suggest that the hanging walls of the
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Figure 15. Comparison of elevation profiles from experiment
(a) and nature (b). Both show typical stair step geometry caused
by incremental reactivation of joints by fault migration from foot-
wall to hanging wall. Location of the profiles shown in (c) and
(d) for experiment and nature, respectively. Location of (d) marked
in Fig. 14a by red star. Sharp spikes in elevation in a are artifacts
of photogrammetric 3-D reconstruction caused by shadows in open
gaps. Inclined slopes in (b) instead of vertical surfaces result from
interpolation of the elevation model. In reality these are vertical
joint surfaces (cf. Kettermann et al., 2015).
graben-bounding faults (i.e., the graben floors) are faulted
as well, which is in agreement with the observations of our
models. This shows that our models are capable of correctly
reproducing the characteristic features observed in similar
natural settings, allowing us in turn to make predictions of
natural fault systems from these models. For example, our
models suggest that along the graben-bounding faults in the
subsurface, interconnected fluid pathways exist that are par-
tially filled with uncemented coarse grain sediments and rub-
ble.
However, there are limits to the comparability of our ex-
periments and the graben fault system. In CLNP a second
set of pre-existing joints exists which is oriented roughly or-
thogonal to the NNE–SSW striking joint set. This joint set
is parallel to orientation of the developing secondary frac-
tures observed in our analogue experiments. As a result we
are not able to compare formation and extent of secondary
fractures observed in the models with structures in CLNP.
Likewise, the exact position of step-over geometries may be
affected, as they localize at and reactivate early formed sec-
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ondary fractures. The existence of step-overs is, however, un-
questionable, as they are elemental features in areas where
faults interact with jointed rocks (Myers and Aydin, 2004).
Another example of normal faulting in pre-fractured co-
hesive rocks is the caldera collapse in Campi Flegrei, south-
ern Italy. During collapse, faults reactivate steep pre-existing
joints, and detailed analysis of the fracture pattern and
younger faults shows that the collapse is controlled by the
inherited structures (Vitale and Isaia, 2014). This interac-
tion localizes later volcanic activity in areas adjacent to the
caldera. Our modeling efforts corroborate these findings and
show that it is formation of step-overs and distribution of
strain across several normal faults which cause new craters
to form preferentially in areas of high JF-angles.
The rift zone in Iceland shows similar features. Faults of-
ten localize along vertical cooling joints, resulting in a planar
fault geometry with abrupt changes of fault dip controlled by
the depth extent of joints rather than a pure listric shape (An-
gelier et al., 1997). This characteristic fault shape could be
observed in the grabens of CLNP or in faulted basalts on
Hawaii (Holland et al., 2006) and in the presented experi-
ments and is more or less independent of the angle between
joints and faults. Holland et al. (2006, 2011) propose a con-
nectivity of open fractures along faults up to great depths
based on field and laboratory observations. Our models sug-
gest that this connectivity can be enhanced by the existence
of pre-existing vertical joints as they tend to open and con-
nect via secondary fractures during faulting.
However, the presented results are valid only for pure dip-
slip normal faulting. Oblique faulting can produce similar
structures without pre-existing joints as shown by Grant and
Kattenhorn (2004) in the rift zone on Iceland. Here, verti-
cal joints in an angle with respect to the general fault strike
trend are formed in the very early stages of deformation. The
resulting structures are mostly comparable to the ones de-
scribed in this paper, but the temporal and genetic relation-
ship between faults and joints is different and joints are rela-
tively short in extend as they are related to the local faulting
rather than a regional process.
6 Conclusions
We studied the influence of pre-existing vertical, cohesion-
less joints on the development of faults with different an-
gles between both. Robust structural features that occur in
the models as well as in field prototypes and similar experi-
ments validate our models. In detail we could show that
– the damage zone width increases by about 50 % and
the secondary fractures within this zone by more than
100 % with increasing JF-angle from 0 to 25◦;
– the map-view area fraction of open gaps increases only
by 3 % over the tested range;
– antithetic faults show similar geometries and damage
zone dimensions as the master fault;
– secondary joints and step-overs are oriented orthogonal
to the primary joint orientation;
– experiments without pre-existing joints show a wider
fracture network with a higher fracture density, while at
the same time providing less open space. However, due
to the length of the pre-existing open joints, areas far
beyond the fractured parts are connected to the system.
In summary, the angle between pre-existing joints and
faults has a distinct effect on the network of open fractures
mostly in terms of fracture surfaces and connectivity, while
the volume of open space does not change dramatically.
However, fluid pathways are created over a large area which
has a strong influence on fluid flow. Structures in our mod-
els compare well with field prototypes such as the grabens
of CLNP, suggesting a predictive capability of these models.
Investigating the influence of parameters such as joint spac-
ing or dimensions will be part of future work in combination
with discrete element models that allow the investigation of
detailed fracture connectivity at depth.
Data availability
For each experiment three movies compiled from im-
age series are provided showing (1) top-view, (2) oblique
view and (3) divergence of the displacement field de-
rived from PIV analyses. Movies are published as
data set: https://doi.pangaea.de/10.1594/PANGAEA.859151
(doi:10.1594/PANGAEA.859151) Filenames are in the
format < JF-ANGLE>–< TYPE> . < MOV> (e.g., “4deg-
topview.mov”).
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Appendix A
The following two figure panels show a top-view photograph
at maximum displacement for each experiment and the cor-
responding interpreted map that was used for analyses.
Figure A1. Top-view photographs and interpretation for experi-
ments with 0, 4, 8 and 12◦ JF-angle.
Figure A2. Top-view photographs and interpretation for experi-
ments with 16, 20 and 25◦ JF-angle.
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